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Abstract

The solar power tower (SPT) receiver design should be able to stand with fatigue damage caused by the
passage of clouds, start-up and shut-down. In this paper, to investigate the impacts of incident heat flux
distribution and SPT site weather data on the thermal stress, fatigue life and allowable flux density (AFD)
of the molten salt receiver, the relationship between the fatigue life and AFD of the tube wall is developed
based on the coupled thermal-structural analysis and Miner linear damage theory. The results show that
the cosine effect of the circumferential heat flux distribution considered has a significant influence on the
location and magnitude of the maximum thermal stress of the tube wall, which lead to the difference in
the tube wall fatigue damage. The AFD are, respectively, 829 kW/m? and 1037 kW/m? under uniform and
cosine circumferential heat flux distributions for the site of Barstow, USA, when the design lifetime of the
tube is 30 years. Compared with the SPT site of Barstow, USA, the fatigue damage of the tube wall in Sevilla,
Spain, and Delingha, China, are lower under the same conditions due to lower insolation hours of direct
normal irradiation in the range of 750-1100 W/m?. The AFD are, respectively, 829 kW/m?, 973 kW/m? and
997 kW/m? for the site of Barstow, USA, Sevilla, Spain, and Delingha, China, with 30 years design life. These
findings give guidelines for the operation reliability of the SPT molten salt receiver tube.
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1 INTRODUCTION

is necessary to conduct thermal stress and fatigue analysis of the
receiver tube wall.

Thermal stress distribution of the receiver tube wall is the
basis to conduct fatigue analysis. Recently, numerous researchers
applied different theoretical equations to evaluate the thermal
stress based on the temperature distribution of the receiver.

Among different concentrated solar power technologies, the solar
power tower (SPT) system has the advantages of large-scale uti-
lization and low cost, which concentrates the sunlight onto a
receiver mounted at the top of a tower. The solar receiver is an

important component in the solar power generation system and
needs to stand with fatigue damage, which is caused by repeatedly
changed thermal stress due to the passage of clouds, start-up and
shut-down [1]. To guarantee the operation safety of the receiver, it
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Sanchez-Gonzalez et al. [2, 3], Rodriguez-Sanchez et al. [4] and
Nithyanandam et al. [5] utilized theoretical equations presented
by Young et al. [6] and Timosenko [7] to calculate the thermal
stress of the solar receiver tube wall by accounting for only
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the radial temperature gradient (¢ o« T(r)). Kim et al. [8]
and Conroy et al. [9] evaluated the thermal stress of the solar
receiver tube wall by superimposing contributions of both radial
and circumferential temperature gradient (¢ o« T(r,6)). As a
result, due to the omission of axial or circumferential temperature
gradient, the above simplified theoretical equations may not be
accurate enough for complex boundary conditions encountered
on solar receiver tube. To obtain the actual stress distribution
of the receiver tube wall, the finite element method (FEM) is
recently chosen by some researchers [10-16]. Ortega et al. [10]
adopted the FEM to obtain radial, circumferential and axial
stresses throughout the supercritical carbon dioxide receiver tube
by coupling ANSYS Fluent with ANSYS Structural. Wan et al. [11]
also applied similar methodology for comprehension evaluation
of thermal stress distribution on the receiver tube wall.

Once the thermal stress distribution of the solar receiver tube
wall is acquired, the fatigue damage of the solar receiver tube
caused by frequent changed thermal stress is investigated [5, 17-
19]. Narayanan et al. [17] assumed 11000 diurnal and 19 000
cloud thermal cycles of the same severity for the receiver design
lifetime of 30 years. Then the linear damage rule was adopted
to calculate the fatigue damage of the receiver, which was the
ratio of the actual thermal cycles and the corresponding allowable
fatigue cycles to the equivalent thermal stress magnitude. Chen
et al. [18] also obtained the fatigue damage of the receiver by the
linear damage rule. The actual thermal cycle number in the design
life was set as 10 000 under design point load and the allowable
thermal cycle number was decided by the equivalent thermal
stress. As a whole, the linear damage rule is applied to obtain the
fatigue damage of the receiver, which is usually determined by the
equivalent thermal stress.

Actually, to guide the design of the receiver, the fatigue damage
limitation of the receiver is always translated into the allowable
flux density (AFD) incident on the receiver, which is directly
related to the thermal stress of the tube wall. Vant-Hull [20] calcu-
lated the AFD of a molten salt receiver for fatigue life of 30 years
with the limitation of the allowable equivalent thermal stress,
which corresponded to the 40 000 thermal cycles. It demonstrated
that the AFD of the receiver is 850 kW/m’ at the 561 K inlet salt
temperature. Liao et al. [21] adopted the corresponding allowable
thermal stress to 36000 fatigue cycles as limiting function for
fatigue to calculate the AFD. The result showed that the AFD
could reach 0.88 MW/m* with the 316ss tube material for the
molten salt receiver. Luo et al. [22] applied a similar limit to
that of Liao et al. [21] to determine the AFD of a direct steam
receiver under different conditions of velocities, tube diameters
and steam pressure. It should be noted that the above literatures
assumed that the thermal stress magnitude remained unchanged
during thermal cycling. However, Kistler [23] pointed out that the
stress cycles experienced by the solar receiver varied in magnitude
because the solar irradiation density changed each day and each
cloud passage was different. Therefore, the previous models that
established the relationship between the AFD and fatigue life
were not accurate enough and the actual SPT site weather data
should be used to determine the fatigue life and AFD. Besides, the
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Figure 1. Physical model of the solar receiver tube.

Table 1. Properties of molten salt.

Properties Correlations with T (K)

Destiny p (kg/m?)
Specific heat ¢,
(J/(kg:K))

0 = 2090 — 0.636 x (T — 273.15)
¢p = 1443 4+ 0.172 x (T — 273.15)

= (22714 — 0.12 x (T — 273.15) + 2.281
x107% x (T — 273.15)> — 1.474 x 1077

x (T —273.15)%) x 1073

A =0.443 + 1.9 x 107* x (T — 273.15)

Viscosity i (Pa-s)

Thermal conductivity
A (W/m-K)

previous AFD calculation models were generally simplified to a
one-dimensional radial heat transfer process, resulting in that the
changes in the axial and circumferential incident solar heat flux
were ignored. In this regard, the effects of the SPT site weather
data and incident solar heat flux distribution on the fatigue life
and AFD of the receiver tube should be clarified.

The main goal of the present work is to investigate the influ-
ences of the incident heat flux distribution and SPT site weather
data on the thermal stress, fatigue life and AFD of the SPT molten
salt receiver tube, thus providing more accurate guidelines for
the safe operation of solar receiver. For the purpose, a coupled
thermal-structural analysis is conducted by importing the inner
and outer tube wall temperature distributions from the finite
volume method (FVM) simulation to the FEM calculation. Based
on the time-varying thermal stress of the tube wall, the fatigue
life analysis is then performed by combining the rain flow count-
ing method and the Miner linear damage rule, allowing us to
determine the optimal AFD under different incident heat flux
distributions and different SPT site weather data. The results are
beneficial to increase the operation reliability of the SPT molten
salt receiver tube.

2 METHODOLOGY

2.1 Physical model

Physical model of the solar receiver tube for the molten salt SPT
plant system is shown in Figure 1. The length and inner/outer
radius of the solar receiver tube are 3 m and 10.5/12.5 mm,
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Figure 2. Two incident heat flux distributions. (a) Axial heat flux distribution; (b) circumferential heat flux distribution.

.,

Figure 3. Computation meshes for the temperature and thermal stress analysis. (a) Meshes for FVM analysis; (b) finer meshes for FEM analysis.

Table 2. Properties of 316H stainless steel.

Properties Values

Destiny p (kg/m?) 7090

Specific heat ¢, (J/(kg-K)) 500

Thermal conductivity A 21.5

(W/m-K)

Poisson’s ratio v 0.3

Thermal expansion coefficient o =143x 107> +7.34 x 10797 —
a (1/K) 2.65 x 1071272

Elastic modulus E (Pa) E=

2.11x 101 —3.59% 107 T—3.75 x 104 T2

respectively. The receiver operates in the mode of rated mass
flow, and the inlet velocity is fixed at 3 m/s. The heat transfer
fluid is molten nitrate salt (60% NaNO3 + 40%KNQO3) with inlet
temperature of 673 K, and its properties are given in Table 1 [24].
The tube material is 316H stainless steel and the properties for the
material can be seen in Table 2 [1].

As shown in Figure 1, the solar receiver tube is subjected to
non-uniform and time-varying heat flux, which may induce high
thermal stress and fatigue damage. At present, some researchers
have studied the axial and circumferential heat flux distribu-
tions on the receiver tube. Boerema et al. [25], Marocco et al.
[26], Liu et al. [27] and Fang et al. [28] approximated the axial
and circumferential heat flux to normal and cosine distribution,
respectively. Du et al. [1] and Wang et al. [29] assumed that the
heat flux along axial direction obeyed normal distribution and
the circumferential heat flux distribution of the heated surface is
uniform. In conclusion, the axial heat flux distribution is generally
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approximated by a normal distribution and the circumferential
heat flux distribution is often modeled with a cosine or uniform
function. Therefore, in this paper, two incident heat flux distribu-
tions are considered and shown in Figure 2. The two incident heat
flux distributions can be, respectively, expressed as

M 1332 cos =0
a1 = o cosf <0 1
cos6>0
_ Me_o'34z2 cos 0 - (2)
92 = o cosf<0

where M is the peak heat flux imposed on the receiver tube wall,
0 and z are described in Figure 1. q; and qy represent that the
circumferential heat flux distributions are, respectively, modeled
with a uniform and cosine function. Although the axial heat flux
distributions for q; and q, are both normal, parameters of the
two normal distributions are different to ensure that the total heat
fluxes on the tube wall are identical.

2.2 Temperature analysis

In the temperature analysis, the molten salt flow and heat transfer
are assumed in a steady and thermal equilibrium state. The
convection heat transfer and thermal radiation between the outer
tube wall and air are neglected. The governing equations of
molten salt flow inside the solar receiver tube consist of continuity,
momentum and energy equations [30]. The standard k-¢ model
is adopted for turbulent flow simulation [30]. The inlet and outlet
boundary conditions of the receiver tube are, respectively, velocity
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Figure 4. Variations of insolation hours with DNI ranges for a typical meteo-
rological year at these three locations. (a) Barstow, USA; (b) Sevilla, Spain; (c)
Delingha, China.
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Figure 5. S-N curve of 316H stainless steel at a temperature of 540-650°C.

inlet and pressure outlet. The non-uniform heat flux is imposed
on the receiver tube outer wall by using user-defined functions.

The governing equations of the molten salt flow and heat trans-
fer are solved by the FVM simulation with Fluent 2022R1 soft-
ware. The second-order scheme is used to discretize the equations.
The SIMPLE algorithm is used for the pressure-velocity coupling.
Grid independence has been tested. It is found that 45296 grid
elements in solid part and 322 734 grid elements in fluid part are
adequate as shown in Figure 3a.

2.3 Thermal stress analysis

The coupled thermal-structural analysis is conducted by sequen-
tially coupling method due to high computational efficiency and
negligible influence of thermal stress distribution on the tem-
perature distribution. In the thermal stress analysis, the inner
and outer tube wall temperature distributions are interpolated
to the nodes of the thermal stress analysis meshes. As shown in
Figure 3b, a finer solid part with 209 196 grid elements is used to
obtain more accurate results.

The heat transfer and thermoelasticity of the tube wall are
obtained by the FEM simulation with Abaqus software. In this
paper, the receiver tube is unrestrained at both ends. Conse-
quently, the thermal stress of the tube wall is caused by the cou-
pling of the temperature gradient and solid structure. According
to the Von-Mises theory, the expression of effective thermal stress
equation in the form of cylindrical coordinates is shown as follows
[31]:

Ocff = \/crzz +o?+ 092 — (UzGr-I-UrO'g + agcrz) (3)

where o, 0,, 09 are thermal stresses in the axial, radial and cir-
cumferential direction, respectively.
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Figure 6. Flowchart of the determination of AFD for the receiver.

2.4 Fatigue life analysis
The frequent changed thermal stress would lead to fatigue and
creep damage of the solar receiver tube due to the passage of
clouds, start-up and shut-down. Some researchers [32, 33] consid-
ered fatigue damage as well as creep damage for mechanical relia-
bility estimation of receivers using high pressure and temperature
working fluid, such as supercritical carbon dioxide. However,
Kistles [23] and Kolb [34] pointed out that the creep damage could
be ignored because of small pressure and relative low temperature
of the molten salt receiver tube. Consequently, in this paper, it may
be justified to only include the fatigue damage calculation for the
mechanical reliability analysis of the molten salt receiver.
Conservative estimation of the receiver fatigue life is performed
based on the time-varying maximum effective thermal stress of
the receiver tube wall. Three different locations of the incident
direct normal irradiation (DNI) are given for fatigue life analysis:
Barstow (34.85°N, —116.8°W), USA; Sevilla (37.4°N, 5.9°W),
Spain; Delingha (37.37°N, 97.37°W), China. The hourly DNI

Generate a new AFD

AFD is output

of these three sites can be obtained from the System Advisor
Model software [35], which contains typical-year meteorological
data that represent long-term historical data. The annual DNI
for the sites of Barstow, Sevilla and Delingha are 2723 kWh/m?,
1773 kWh/m* and 1544 kWh/m’, respectively. Figure 4 gives
variations of insolation hours with DNI ranges for a typical mete-
orological year at these three locations. It can be seen that most
of the insolation hours are in the ranges of high DNI for the site
of Barstow, while the opposite tendency for the site of Delingha.
The differences in insolation hours for different DNI ranges are
not significant at the location of Sevilla.

To conduct fatigue life analysis, the heliostat field efficiency and
the receiver efficiency are assumed constant for two reasons. One
reason is that the optical efficiency of the heliostat field and the
thermal efficiency of the receiver change slightly when the DNI
is larger than 400 W/m’ [36]. Another reason is that no fatigue
damage occurs on the tube wall when the DNI is small. Therefore,
the ratio of the hourly peak heat flux on the receiver tube wall to

International Journal of Low-Carbon Technologies 2022, 17, 1385-1398 1389

€20z AeN 80 uo Jasn Jajua) ulWpY Joquisjy Jaquosgns-uoN TLSN Aq 9291£89/01 Loe10AII/E60 L 0L /10p/a101e0|ll/wod dnoolwapede//:sdiy wody papeojumoq



Y. Luo et al.

1000
—&— This paper
—&— Wang et al
900
M
N
800
700 |
PR S T S SN SR S SN SN SR SR SN SR SR TR SN S S T S S 't
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Z/m

Figure 7. Comparison of temperature distribution of the tube wall with the result
of Wang et al.

the hourly DNI of a typical meteorological year can be considered
as constant under the condition that the heliostat aiming strategy
is fixed. As the receiver design satisfies the AFD constraint at the
design point, the hourly peak heat flux Mpouly can be calculated
as follows:

AFD

5 DNlhoun 4
DN Idesign point oy

Mhourly =

where DNIgesign point is the DNI value at design point.

Based on the hourly peak heat flux Mpourly on the receiver
tube surface, the hourly maximum effective thermal stress
Oeff_maxhourly Of the tube wall can be obtained by the method
described in Sections 2.2 and 2.3. To conduct fatigue life analysis,
the rain flow counting method [37] is applied to convert the
hourly maximum thermal stress into a rain flow matrix, which
represents the number of actual fatigue cycles n under different
stress amplitude o3 - and mean stress o . To inspect
the convergence of the results obtained by the rain flow counting
method, rain flow matrix dimensions of 16 by 16, 32 by 32 and
64 by 64 are all employed. The results show that the rain flow
counting method approached the equilibrium statues for the rain
flow matrix dimension of 32 by 32. Therefore, the rain flow matrix
dimension of 32 by 32 is applied in this paper. The expressions of

a m .
O max and Ooff max aT€ aS follows:

cmin

cmax
— 0

a _ eff_max eff_max
Ocff max — P (5)
cmax cmin
m _ O‘eﬂf_ max + O‘eﬂf_ max 6
Oceff_max — ) ( )
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Figure 8. Comparison of thermal stress distribution of the tube wall with the
analytical result.

cmax cmin ; ; ;
where o5} and o g™« are, respectively, maximum and min-

imum thermal stresses in a thermal stress cycle.

In general, the S-N curve of tube material is obtained by experi-
ments under symmetrical cyclic load. However, the thermal stress
cyclic load of the tube wall is asymmetric. Therefore, the stress

amplitude ol . under different mean stress o . should

. . . €
be converted into the equivalent stress amplitude oegf max under
mean stress of 0. The Goodman mean stress correction curve is

applied and expressed as [38],

a m

o o
eff_max eff_max
fmax | efmax 7)
O,
Geff_max u

where oy is the tensile strength of the tube material.

The S-N curve of 316H stainless steel at temperature of 540-
650°C is shown in Figure 5, which is given in the ASME Boiler and
Pressure Vessel code [39]. It should be noted that no fatigue dam-
age occurs on the tube wall when the equivalent stress amplitude
o:ig may 18 lower than 146 MPa. Based on the S-N curve of 316H
stainless steel, the number of allowable fatigue cycles N, under
different equivalent stress amplitude a:f(fl max 18 obtained. The
yearly cumulative fatigue damage D resulting from these cycles
can be calculated by the Miner linear damage rule and expressed

as follows [40],

D:Z; (8)

i=1 ot

where p is the number of elements in the rain flow matrix (32 by
32).
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Figure 10. Temperature distribution of the tube wall under heat flux distribution of Eq. ( 2 ) with peak heat flux M of 500 kW/m?. (a) Whole tube wall (z = 1:60);

(b) cross-wall of the tube (z =0 m).

Based on the yearly cumulative fatigue damage, the fatigue life
L of the tube can be obtained and expressed as,

L=— 9)

where SF represents the safety factor of fatigue life and is generally
setas 2 [23]. Considering that the design lifetime of solar receiver
is generally 30 years, the receiver tube design should satisfy | L —
30 |<e.

2.5 Determination of AFD

AFD is a significant parameter for the fatigue life of the receiver

since it is directly related to the hourly peak heat flux on the

receiver tube wall. Figure 6 illustrates a flowchart of the determi-

nation of AFD for the receiver. The detailed strategy procedure is

given as follows:

1) Conduct the thermal and thermal stress analysis. ~ Based
on the given heat flux distribution, the receiver tube wall

2)

3)

4)

International Journal of Low-Carbon Technologies 2022, 17, 1385-1398

temperature distributions are calculated by FVM soft-
ware with variation of peak heat flux from 300 kW/m’ to
1100 kW/m?. Then the inner and outer tube wall temperatures
are interpolated to conduct thermal stress analysis by FEM
software. Consequently, the relationship between the peak
heat flux M and the maximum effective thermal stress
Oeff_max Of the tube wall can be developed and expressed as
Oeff_max = f(M).

Initialize the AFD. The AFD constraint of the receiver at the
design point is assigned randomly.

Obtain the hourly maximum thermal stress. Based on the
AFD constraint and the hourly DNI of a typical meteorological
year, the hourly peak heat flux is calculated according to the
Eq. (4). Then the hourly maximum thermal stress on the tube
wall is evaluated by the expression of Geff max = f (M).
Conduct the fatigue life analysis. The rain flow counting
method is used to convert the hourly maximum thermal stress
into the number of actual fatigue cycles n under different
stress amplitude of; = and mean stress ojg . The
Goodman fatigue curve and S-N curve are applied to calculate
the number of allowable fatigue cycles N, under different
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equivalent stress amplitude U:;fl max and mean stress o .
Finally, the yearly cumulative fatigue damage D resulting from
these cycles and the fatigue life L are obtained by the linear
damage rule as shown in Eq. (8) and Eq. (9).

5) Obtain the final AFD. Repeat steps 3 to 4 until the conver-
gence criterion of | L — 30 |< ¢ is satisfied and the final AFD

can be obtained.

3 RESULTS AND DISCUSSION

3.1 Model validation

Results from previous publications are used to validate the relia-
bility of the numerical simulation results. For the molten salt flow
and heat transfer validation, the heat flux is fitted according to
the results of Wang et al. [29]. The inlet velocity and temperature
of molten salt are 3 m/s and 673 K, respectively. The length and
inner/outer radius of the receiver tube are, respectively, 3 m and
10.5/12.5 mm with tube material of 316 L stainless steel. Figure 7
presents the comparison of temperature distribution of the tube
wall with the result of Wang et al. [29]. The result shows that
the simulated temperature distribution of this paper is consistent
with the data in literature [29] and the maximum deviation of wall
temperature is 1.5%.

For the thermal stress validation, only the radial temperature
gradient of the tube wall is considered. The size and material of
the tube wall are the same as above. The inner and outer tube
wall temperatures are, respectively, 700 K and 800 K. As shown in
Figure 8, the simulated stress is compared with the result derived
from the thermal stress analytic equations presented by Young
et al. [6]. The maximum deviation between the numerical and
analytic models is found to be within 5%.

1392 International Journal of Low-Carbon Technologies 2022, 17, 1385-1398

3.2 Temperature and thermal stress distribution

Figure 9 and Figure 10, respectively, show the temperature distri-
butions of the tube wall under heat flux distributions of Eq. (1)
and Eq. (2) with peak heat flux M of 500 kW/m’. It can be seen
that the temperature distribution is more concentrated along the
axis direction of the tube wall under the heat flux distribution
without considering cosine effect (Eq. (1)), while the temper-
ature distribution under the heat flux distribution considering
cosine effect (Eq. (2)) is more concentrated in the circumferential
direction. The reason can be attributed to the different axial and
circumferential heat flux distributions. The maximum tempera-
ture of the tube wall is very close under heat flux distributions
of Eq. (1) and Eq. (2) and both occur at the peak heat flux of
the outer tube wall. Moreover, Figure 11 gives the variations of
maximum temperature of the tube wall with incident peak heat
flux M when the heat flux distribution follows Eq. (1) and Eq.
(2). It shows that the maximum temperatures of the two incident
heat flux distributions under different peak heat fluxes are very
close and the largest difference is only 6 K. Therefore, whether the
cosine effect of the circumferential heat flux distribution is con-
sidered almost has no effect on the maximum temperature of the
tube wall.

Figure 12 and Figure 13, respectively, show the thermal stress
distributions of the tube wall under heat flux distributions of
Eq. (1) and Eq. (2) with peak heat flux M of 500 kW/m>. It
demonstrates that the maximum effective thermal stress loca-
tions are, respectively, at the center of the inner and outer sun-
ward tube wall under heat flux distributions of Eq. (1) and Eq.
(2). To illustrate it, Figure 14 and Figure 15, respectively, give
the thermal stress distributions of the tube wall cross-section
(z = 0 m) in different directions under heat flux distributions
of Eq. (1) and Eq. (2) with peak heat flux M of 500 kW/m?.
It can be seen that the radial and circumferential stress dis-
tributions of the tube wall cross-section (z = 0 m) under the
two heat flux distributions are similar, while the maximum axial
stress locations are, respectively, at the center of the inner and
outer sunward tube wall. And this is the reason why the ther-
mal stress distributions under the two heat flux distributions are
different. Besides, the maximum radial, axial and circumferential
stresses under heat flux distribution of Eq. (1) are all higher than
that under heat flux distribution of Eq. (2), which result in that
the maximum effective thermal stresses of the tube wall under
the two heat flux distributions are, respectively, 131 MPa and
104 MPa.

Figure 16 gives the variations of maximum effective thermal
stress of the tube wall with incident peak heat flux M under the
two heat flux distributions. It shows that the difference in maxi-
mum effective thermal stress between the two incident heat flux
distributions is large, which is increased from 16 MPa to 59 MPa
with peak heat flux. It can be concluded that the whether the
cosine effect of the circumferential heat flux distribution is consid-
ered has a significant influence on the maximum effective thermal
stress of the tube wall and the degree of influence increases
with the peak heat flux. Consequently, it is very important to
determine the heat flux distribution on the tube wall in evaluating
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Figure 12. Thermal stress distribution of the tube wall under heat flux distribution of Eq. (1 ) with peak heat flux M of 500 kW/m?. (a) Whole tube wall (z = 1:60);

(b) cross-wall of the tube (z = 0 m).
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Figure 13. Thermal stress distribution of the tube wall under heat flux distribution of Eq. ( 2 ) with peak heat flux M of 500 kW/m?. (a) Whole tube wall (z = 1:60);

(b) cross-wall of the tube (z = 0 m).
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Figure 14. Thermal stress distribution of the tube wall cross-section (z = 0 m) in different directions under heat flux distribution of Eq. ( 1) with peak heat flux M

of 500 kW/m?>.

thermal stress, which further affects the fatigue life of the
receiver.

3.3 Fatigue life and AFD
Take the heat flux distribution of Eq. (1) as example, the rela-
tionship between the peak heat flux and the maximum effective

International Journal of Low-Carbon Technologies 2022, 17, 1385-1398

thermal stress of the tube wall can be developed by Figure 16 and
expressed as follows:

Ocff_max = 0.24171M + 6.22471 (R* = 0.99834) (10)

Once the initial value of AFD and the hourly DNI of a typi-
cal meteorological year for the site of Barstow, USA, are given,
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Figure 15. Thermal stress distribution of the tube wall cross-section (z = 0 m) in different directions under heat flux distribution of Eq. ( 2 ) with peak heat flux M
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Figure 16. Variations of maximum effective thermal stress of the tube wall with
peak heat flux M.

the hourly maximum effective thermal stress of the tube wall is
obtained based on the Eq. (4) and Eq. (10). As shown in Figure 17,
the hourly maximum effective thermal stress is converted into a
32 by 32 rain flow matrix and a 32 by 32 fatigue damage rate
matrix of the tube wall with AFD of 900 kW/m? for the site of
Barstow, USA. Comparisons of the rain flow matrix and fatigue
damage rate matrix show that the fatigue damage generally occurs
when the high fatigue cycle n is in the range of 10-70 and the
stress amplitude 0% | is high of 195-245 MPa. Based on the
relationship between the stress amplitude o3 = and DNI, it
is obtained that the major fatigue damage of the tube wall is
produced when DNTI is in the range of 800-1000 W/m?’. Moreover,
Figure 18 shows that the yearly cumulative fatigue damage and the
fatigue life of the tube wall with AFD of 900 kW/m’ for the site of
Barstow, USA, are, respectively, 0.0266 and 18.8 years when the
heat flux distribution follows Eq. (1).

The effects of heat flux distribution on the fatigue life of the
tube wall are investigated under the same conditions. Figure 17b
and Figure 19b present that the fatigue damage of the tube wall
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is obviously higher under the heat flux distribution without con-
sidering cosine effect (Eq. (1)) than the results obtained when
the cosine effect is considered (Eq. (2)). The reason is that the
fatigue damage of the tube wall is the combined effects of high
fatigue cycle n and high stress amplitude o3 . As shown
in Figure 17a and Figure 19a, although the high fatigue cycle
distributions are similar under the two heat flux distributions, the
corresponding stress amplitude of; . under the heat flux dis-
tribution of Eq. (1) is about 50 MPa higher than that considering
cosine effect. It can be attributed to the difference in maximum
thermal stress between the two incident heat fluxes as depicted
in Figure 16. Consequently, the yearly cumulative fatigue damage
and the fatigue life of the tube wall with AFD of 900 kW/m? for
the site of Barstow, USA, are, respectively, 0.0056 and 89.3 years
when the heat flux distribution follows Eq. (2). Figure 20 gives
variations of fatigue life of the tube wall with AFD under the two
heat flux distributions for the site of Barstow, USA. It can be seen
that the whether the cosine effect of the circumferential heat flux
distribution is considered has a significant influence on the fatigue
life of the tube wall and the degree of influence decreases with
AFD. The AFD are, respectively, 829 kW/m’ and 1037 kW/m’
under uniform and cosine circumferential heat flux distribution
for the site of Barstow, USA, when the design lifetime of the tube
is 30 years.

To investigate the effects of local weather data on the fatigue
life of the tube wall, the other two SPT sites are discussed under
the same conditions. Figure 17b, Figure 21b and Figure 22b
show that the fatigue damage of the tube wall for the site of
Barstow, USA, is the highest compared with Sevilla, Spain, and
Delingha, China. It is because that both the high fatigue cycle
n and the corresponding stress amplitude o3 in Sevilla,
Spain, and Delingha, China, are lower than that in Barstow, USA,
as demonstrated in Figure 17a, Figure 21a and Figure 22a. The
corresponding stress amplitude o3 . tothe fatigue damage are,
respectively, 195-245 MPa, 185-225 MPa and 185-260 MPa in
Barstow, USA, Sevilla, Spain, and Delingha, China. Based on the
relationship between the stress amplitude o%; - and DNI, it can
be obtained that the fatigue damage of the tube wall is produced
when DNI is high of 750-1100 W/m’. Therefore, it can be
concluded that the more insolation hours of high DNI, the greater
fatigue damage is produced. To further demonstrate it, variations
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Figure 17. Rain flow matrix and fatigue damage rate matrix of the tube wall with
AFD of 900 kW/m? for the site of Barstow, USA, when the heat flux distribution
follows Eq. (1). (a) Rain flow matrix; (b) fatigue damage rate matrix.

of insolation hours with DNI range for a typical meteorological
year at these three locations, which are given in Figure 4. It can
be seen that the insolation hours of DNI in the range of 750-
1100 W/m’ for a typical meteorological year in Barstow, USA,
Sevilla, Spain, and Delingha, China are, respectively, 1931, 863
and 509, which result in that the fatigue damage of the tube wall
in Barstow, USA, is the greatest and the fatigue damage of the tube
wall in Delingha, China, is the lowest under the same conditions.
Figure 23 shows variations of fatigue life of the tube wall with
AFD for different sites when the heat flux distribution follows Eq.
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Figure 18. Variations of fatigue life of the tube wall with AFD for the site of
Barstow, USA, when the heat flux distribution follows Eq. ( 1 ).

(1). It demonstrates that the AFD are, respectively, 829 kW/m?,
973 kW/m® and 997 kW/m’ for the site of Barstow, USA, Sevilla,
Spain, and Delingha, China, when the design lifetime of the
tube is 30 years. Consequently, the SPT site local weather has
significant effects on the fatigue life and AFD design of the
receiver.

4 CONCLUSIONS

In this paper, based on the coupled thermal-structural analysis
and Miner linear damage theory of the SPT receiver, the
relationship between the fatigue life and AFD of the tube wall
is developed, allowing to investigate the effects of incident
heat flux distribution and SPT site weather data on the ther-
mal stress, fatigue life and AFD of the molten salt receiver
tube. The main contributions of this work are summarized as
follows,

(1) The thermal-structural analysis results show that whether the
cosine effect of the circumferential heat flux distribution is
considered almost has no effect on the maximum temperature
of the tube wall, but it has a significant influence on the
maximum thermal stress and the degree of influence increases
with the peak heat flux.

(2) Due to the difference in the maximum thermal stress, the
fatigue damage of the tube wall is obviously higher under
the heat flux distribution without considering cosine effect
(Eq. (1)) than that the cosine effect is considered (Eq. (2)),
which results in that the AFD are, respectively, 829 kW/m* and
1037 kW/m’* under heat flux distributions of Eq. (1) and Eq.
(2) for the site of Barstow, USA, when the design lifetime of
the tube is 30 years.

(3) Compared with the SPT sites of Sevilla, Spain, and Delingha,
China, the fatigue damage of the tube wall in Barstow, USA, is
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Figure 19. Rain flow matrix and fatigue damage rate matrix of the tube wall with
AFD 0f 900 kW/m? for the site of Barstow, USA, when the heat flux distribution
follows Eq. ( 2 ). (a) Rain flow matrix; (b) fatigue damage rate matrix.

the greatest under the same conditions due to highest insola-
tion hours of DNI in the range of 750-1100 W/m’. The AFD
are, respectively, 829 kW/m?, 973 kW/m?* and 997 kW/m? for
the site of Barstow, USA, Sevilla, Spain, and Delingha, China
when the design lifetime of the tube is 30 years.
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